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An investigation vas made of the flow doimstream from a 
"tv/o-dimensional" grid, formed of parallel rods. The two- 
dimensional character of the flow was insured "by end plates 
norskal to the rods and covering the entire flow field* 

The jets issuing from "between the rods were found to he 

unstahle for the grid density used tX = eovcrod area ^ 0.33 \ 

\ total area / 

and possible methods of stabilizing the flow were investigated. 
Stability was achieved by tvo methods: (l) by the installation 
of a higiwresi stance, fin^-mesh damping screen downstream from 
the rods within a certain range of positions; (2) by means of a 
large lateral contraction immediately downstream from the rods. 
Doubling of the initial turbulence in the jets coming from between 
the rods had no noticeable effect on the flow* 

The nature of the flow was determined primarily by means of 
total-head measuranents* Provision was made for heating the rods* 
and temperature distributions were measured in the unstable and 
the screen-stabilized configurations. Turbulence level distribu- 
tions were also measured in the latter case* 

Preliminary tests were made in both the closed-duct and the 
open, two-dimensional configurations; but it was found that the 
same phenomenon occuirred in both cases; so no side walls were 
used in the setup for the final measurements* 
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ZBTBOnJCTION 



It is known that vmder certain conditions, not yet ostabliahed 
qciantitati7el7,. tlie flow downstream f^om a grid is Tuxstable« Ihe 
instability results in a rapid amalganatlon of adjacent Jets !»• 
suing from the open parts of the grid. . ~ ^ 

In order to siaiplify th« investigation of this phenomenon* 
a fiold of parallel tvro-dlmenslonal Jets was used rather than a 
field of three-dimensional Jets, such as would occur behind a eon- 
▼entional square mesh grid* 

Ihere is, of course, no basic difference between a field of 
parallel twc^dimianslonal Jots and a field of parallel two>dlmei^ 
slonal wakes. It is the usual convention, whan the flow field 
in q:ao8tion has been set 19 by a grid made of one row of parallel 
rods in an air stream, to describe this field aa composed of Jets 
if the grid density' is hl^, and of wakes if the grid density la --^ 
low* Xhe grid density, or solidity, is defined as the ratio of - 
blocked area to total area* 

Apparently the first published systematic measurements behind 
a row of rods ware made b^ B* firan Olsson (reference 1) In 193^« 
However, his grid densities wore small (\iax =0,25) and in addi- 
tion, his mean flow was not kept two-dimensional since there were'^ 
no end plates noznal to the rods to prevent Inflow parallel to 
the rods* The mazinnD Jet aspect ratio was 33* Thus, he found 
no instability, and, in fact, he was concerned only with the 
problem of mixing in fully developed turbulent flow* . 

Cordes (reference 2) investigated essentially the same 
problem as Gran Olsson, and met with no instability for the same 
two reasons* 

Both of. these Investigators presented theoretical solutions 
for the (stable) folly turbulent flow behind parallel rods, based 
on the momentum transfer theory, with Prandtl^s suggested extended 
assumption for the exchange coefficient (reference 3)t involving 
the use of two mixing lengths. Later, T* Okaya and M* Hasegawa 
(reference k) elaborated somewhat on the Gran Olsson and Cordes 
theoretical analyses* 

As far as can be deteimlned, experimental evidence of the 
occurrence of instability behind, effectively, a row of rods, was 
first published by D, G. I-iacPhail (reference 5) in 1939- MacPhall 
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was concerned with obtaining unifona flow in a duct which followed 
a sinultanQoas 90° head and sudden e:q>anslon» He found that tho 
use of corner TEuies alone resulted in chaotic flow downstream 
when tho vnnes were relati7el7 close together* Then he observed 
that the introduction of a flno>isesh, high-resistance screen down- 
stream from the vanes resulted in considerably iniprovcd flow* 
However, MacFhail appeurently did not intoipret the phenomenon as 
a stability problem* 

In IS'Mf J* (r« von Sohl (reference 6} published the results 
of measuroncnts in the flow behind rod grids in a closed duct* 
He was specifically concerned with the stability of the flow and, 
by sufficient variation of the grid density, succeeded in obtaining 
both .stp.ble and unstable cases* He made no attempt to stabilize 
tho normally unstable flow* In the same pcqocr, he presented an 
analysis based on the small perturbation method, idtiich gave quali- 
tatively the correct result, that is, tl^t the degree of stability 
decreases with increasing grid density* 

3ohl's analysis began with a sinusoidal velocity distribo- 
tion in the main flow, and a small stqpcrimposed sinusoidal dis- 
turbance of wave length considerably longer than the original* 
Working with the first two oqiiations of motion, he effectively 

assumed the exchange coefficient e - and used the extended 

z 

Prandtl form of e (reference 3)» After seversd coordinate trans- 
formations he obtained an ordinary differential equation of fourth 
order for the asqplltude of the disturbance fxmction* This could 
be solved by a series vdilch unfortunately diverged in the neighbor- 
hood of the grid* Therefore, he divided the x-oxis into a scries 
of sections, taking the coefficients of the equation constant over 
each section, and obtsdned exponential solutions for each section* 
He then carried out the theoretical calculations for two of the 
grids tested, and got a qpalitative cheek between theory and 
esperiment* 

Although tho physical Justifications for some of Bohl's 
simplifications arc not clear, the amalysls is worthy of notice 
as the first one published on this problem, and because the results 
are indicative at least of a possible method of attack* 

The matter of flow stability behind a grid is of importance 
in several practical problems* The applicability to heat exchangers 
is obvious* Corner vanes in ducts or wind tunnels, especially with 




simaltaneoas turning and ozpansion, nay causa Instability, as ^sa mug^ 
illustrated in MacPhail*3 orporiments. Furthermore, tho flo^ uAln « 
behind slatted di'7o brakes on an airplane may also bo sub J oat to 
this typo of instability, and may be associated with sorers atlstoRir 
or tail buf feting. --^-tr 

The present investigation, conducted at the Ccdifornla i-i^rmnSi 
Institute of technology, was sponsored by, and conducted vith :'<!ls m'^ "ir^^c 
financial assistance from, the Sational Adrlsory Committoe for -^^"i" 
Aeronautics. The work \reis carried out under the general supor- ^-'^^irl. 
vision of Dr. Th, von Karman and Dr, C, B, Millikan, %bose intstw -^tM^ 
est is gratefully acknowledged* Particular thanks arc duo to ..a.-i to 1 
Dr. BajoB V. Idcpnann for his invaluable advioo throujjiout the !?. • oH^^^' 

rosoareh. * >i''-^ X>f*i^' 

• • • Ja iJorfJ4i=« 

SYMBOLS ...i'CXjsai 

X distance in direction of tunnel azis« measured from plane 

of rod faces - 

y lateral distance parallel to rod faces and perpendicular ^'^'^^ 
to slots, neasurod from tunnel center lino .niaisii 

z lateral distance in slot direction iorj^sa 

TJ axial coEiponont of mean velocity (with respect, to time) "f^^ 

u axial component of instantaneous velocity fluctuation :>. '3 



turbulence level 

U 

E total head 

^ grid density = qovf ^4 ^roa 
■ total area 



T tcanporaturc, °C 
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(The wind tunnol used in this izxTcstlgation is essentially 
the same nnit as vas used in provious tests on a single azially 
syimotrieal Jet (reforenee 7)* I'igixre 1 Is a achenatie diagraa, 
approximately to scale, of the tunnol as modified* Tho principal 
difforonec is tho installation of tho new "nozslo plate** to givo 
a row of seven parallel t\<o»dlaensional Jets* Aa enlarged cross- 
sectional view of tho nozzle plate, %diich is constructed of ?. row 
of lirass rods, is given in the sano figoro, as well as a dimen- 
sioned cross section of a single rod* ^thou^ tho aspect ratio 
of the slots is ^ (S by 0«2 in«), it >ias found that end plates 
(dotted in fig* 1) over the fidd of flow were nevertheless 
necessary for oaintonaneo of the two-dimensional character of 
tho mean flow* The tv/o-dincnsionality was checked in both stable 
and unstable eases by a comparison of traverses made at different 
y-positions* Jlgoros 2 and 3 show tho unmounted nozzle plate 
photographed from the upstream side* ?igare is an ovei^ail 
view of the tunnel from the downstream end, shoving the end plates, 
the motor-driven traversing screw (details in reference 7)t 
damping screen near the nozzle plate* Pigare 3 is a clos&-iq) shovH 
ing the screen mounting more clearly, as well as the end plates 
and tho fine total^hoad tube* The nozzle plate can be seen through 
the screen, which is at 2 ■ 1^ inches in this figure* The rubber 
tubing on the right (Carries the tunnel reference static pressure* 

The brass rods can be heated electrically to permit a com- 
parison of downstream temperature distributions in the unstable 
and the stabilized cases* 

One method of stabilizing the flow vm.a the introduction of a 
higb-resi stance, fln»-raosh (65 per in*) damping screen a small 
distance away from tho face of the nozzle plate (fig* 5)* ^^(^ 
screen extends latcrnlly well into the region of stationary air 
on both sides of the Jot system* The screen is made of rayon, and 
its degree of regularity can be Judged from the center of figure 
ISA; lens aberration has distorted the edges of the field appre- 
ciably* The thread diameter averages 0*CX}M- inch, giving a screen 
density of 0*32* The closcd-duet resistance coefficient, computed' 

from the results of Bckert and PflUger (reference S), is -2 a 3,0* 
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This cooffielant is the ratio of the pressure drop In the air 
passing through a section of the screen stretched across a closed 
duet, divided by the dynaaie pressure of the flov* Is a free Jot, 
with essentially the same static pressure at some distance on both ' 
sides of the screen, the loss of dynamic pressnre through the 
screen was about 90 poircont of the initial dynamic pressor o, at 
least in tho lot^spood range tuiod ia this investigation* • <• 

- ' ' — :» 

In the ease of a single free circular Jet passing throui^- 
the dancing screen placed about in the plane of the vcrtoz of tho i5 
potential cone, yharo tho Jot begins to approach tho "folly ~ r -a 
developed*' condition, the increase in width was on tho order of -le 
60 percent; the ehar act eristic lateral diaensibn chosen was tho :o 
diameter of the circle on which tho volooity «rs half the maxiiBaB ? 
value at the section* Howovor, with the screen placed at a soo« ,9 
tion well into the potential eono (o*g*, at x » r, tho radius jb) 
of tho nossle mouth) the spread was only about 2D percent* - .t 

.1? 

Provision was made for the installation of strai^t vortical .^j* 
side walls botwocn the end plates, but preliminary runs showod '-7. 
that tho flow phenomena wtfo identical in the closed-duct eon- criq 
figuration and tho two-dimoasional free Jet configuration; thor»> It 
fore all final tests woro run with the latter, more eonveniont, .t 
ar r&ngenont • " 

l 

4k typical section of tho downstrean contraction used to .'V 
stabilize tho flow is sicetehod in figure 1* Ihc two rigidly 
curved walls, circular arcs of ll§>ineh radius, woro hinged at 
tho edges of tho nozzle plate to pcmit froe adjustment of throat 
size* 



Measuring Squipmcnt 

Total-hoad moasurcoonts woro the principal moans of investi- 
gating the behavior of the flow* Soth total head and tcisporaturo 
wore photographically recorded, using a hypoddnaic noodle toted- 
head tube and a coppor-constantan thcmnocoople, respectively* 'Blb 
auxiliary eqiilpmont, including automatic traversing unit, is do»- 
eribed in roferonoe 7* average traversing time was 20 minutes* 

In many of the total*head distributions, negative readings 
are recorded* !Ihoso are, of course, regions of laterta or of 
reversed flow,' the former being of more frequent occurrence* 
Figure 6 is a directional calibration of tho total-head tube* 
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Tha lovol of tbe turbnlenee in the meem-flow direction also 
was recorded "by tho continuous photographic method, usins the 
light bean reflected fron a >iall galvanoiacter to the aoving sow 
sitizcd ps^er* iEhe hot-wire anenonetry oqalpaent is descrihed in 
reference 7« 

Since each turboloneo level traYorse mblm ran continuously, 

it was necesseiry to use an avoragQ of the correct values of 
resistaxiee in the coopensation circuit of the asiplificr* In 
order to got a oeosure of the error introduced hy this nothod, 
one segnont of a turbulenco-lcrol distribution waa also run with 
tho conventional point-hjwpoint procedure. Ihe results of tho 
two Bothods, givoi in figaro 7i show surprisingly little divergence. 
This is "because tho hot wire ms run at the relatively low avcrssgo 
tes^oraturo differ once of about 75*^ C ahove roon tcc?>orature» 

Sonc prclininary neasurcnonts of flow direction \«jro nadc; 
tho instrument cHpxoyod was a snail rotatable unit carrying a 
heatod wirc» and a thcnaocouple comocted to a galvanonctcr 
(fig, 8). At each test point In the flow, this unit is rotated 
until the position of naxlaaB galvanonoter deflection is reached, 
corresponding to a thermocuplc position in the center of the hoatod 
wire wake* Tho angle is noastired electrically with the help of a 
qw?» , n rheostat aouated directly on the instruaont. Howover, no 
cxtenslvo dlroctlon surveys were carried out since tho results did 
not Justiiy the tiao nocoasary for such Qcasurooents* 
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Unless otherwise described, all ocasurcnents were nade with 
unhoatcd rods and with tho twi>>dlmensional opon^Jct configuration; 
that is, with end plates hut without side walls* The following 
principal aeaanxremonts aro included in the reports 

1« Total-head distrihutions at a series of impositions in tho 
nonaal unstable flow* IQioae show the combining of adjacent Jets* 

2» Tlow-direetlon traverses at given x-positions in tho 
unstable flow, lAich also show tho combining of adjacent Jets* 

3* A series of totali»>hcad distributions with tho end plates 
ronovcd, to illustrate tho effect of permitting ontraiiuaont of 
air into tho "dead air" regions between Jets* 



K X sorlos of total-head dlBtrlhutlons vrlth tho stahllislaf 
acpocn In different peprGSontativo positions, to denoaatrato Iti mjm^ 
effect* la oaeh easo, txavoraoa wore made at a aorioa of 3»-«tatlcaa * 
dowatrean from tho aerocn* -wa 

3« Slnultaneoaa tar1nilenc»>leTel and total^head dlat^ihationa ^ 
at a aeries of a6-stations in a typical acreeiwstabUised flov^* • , 1 

6» SotaL-head dlstrihatlons at tho throat a of Yarlous side Uat 
vail contractions (closed duct arraagenent) , downstreaa fton th« jhq* sf^^^J' 
rods, to show the effect of innediate contraction on the stahllitgr.M 
of the syateo. ,,-v ..^^ 

7, Similtaaeotta tenperatiire and total-head diatrihutiona at ^<"^^ 
a aeriea of x-stations in the unstable case with heated rods, to •ji'v*^"^ 
give a coEiparison of the spread of heat and of monentun* 




S« Sinoltaaeoas teqperature and total-head distributions at 
a series of >>stations in a typical screeiwstabllized case with 
heated rods, to give a conparlson of the spread of heat and of 
nonentun, and- to contrast with the unstable case* 
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SSSOLIS 



In general, the experineatal results presented in this report 
are qjialltatlvo rather than qoantltative, in that no attcnpt has 
been nade to correct the nuBerical valuoa for disturbing effects, 
although the neasurcnonts have been nade carefully, Spociflcallyi 
tho total-head readings were affected by both turbulence level 
and Tariations in neai>-flow direction, and hot-wire readings of 
turbulence level probably began to lose accuracy for 

^ greater than about 2D percent (reference 7, appendix) • 
TJ 

« Since this was principally a phenonenological study, tho air 
velocities were chosen for* convenience of recording. Except where 
a different value Is specifically given in the text, all nrns with- 
out danping screen were nade with a tunnel reference pressure (\3gp- 
strean fron tho rods) of 0*095 pound per square foot, while all 
runs with tho screen in place were nade at a reference pressure 
of 0*380 pound per sqpare foot* 
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The rods were heated 02:17 for runs in vdiich teqpcrattirc 
ncp.suronents were nado»- A conparison of the total— head traverses 
tskon with and without heat shows no appreciahle difference in 
the flow* Also, the resulting air density variations are ap- 
parently negligihle in thoir effect on the reading of total head* 
Turhul one e level w.s neasurod with the rods tmheated since tcn- 
pcrature fluctuations irauld affect the hot-wire output* 

Tlic principal esperinental result was the ohserved instalsility 
of the systcn of two>dincnsiohal jets issuing fron the slots in 1 
grid nado up of a row of parallel rods, 'vith a grid density of 
0»S3» Iho instability consisted of a grotping together of adjacent 
Jets imediately after their exit fron the slots, resulting in 
Tvildly eddying flow* Adjacent groTips then Joined, and at a very 
short distance fToc the nozzle plate, the flow ^las no longer idezt- 
tifiahlo aa having originated frva a. regular row of slots* The 
phcnoncnon was nonstationary in the sense that the sane pairs of 
adjacent Jets did not always unite first* IThis fact shows that 
the phenocenon was not caused hy neehanieal imperfections in the 
nozzle plate* Tortunatdy, a single flow configuration usually 
was naintaincd for a long enou^ tine to pciciit at least one 
traverse, and often for considerably longer* 

rigure 9 is a series of lateral total-head traverses at 
different downstrean distances, for the sane flow configuration 
(reference pressure - 0*285 Ih/sti ft). In this case, the flow 
started out as seven unifom, equally spaced Jots (for x « 1/2 
in*, see, for instance, fig* I9). Alnost innediately, jet 1 
conhined with jet 2, jet 3 with jet and jets 5 and 6 \d.th Jet 
7 (fig. 9C). Then, jet 1 - 2 coabined with jet 3 - U (fig. 9D): 
and finally, jet U3.3-4 joined Jet 5-6-7 (fig* 9?)- ^t x « 10 
inches, the flow looked as if it had originated f^on a single jet* 

The drawing of the nozzle-plate face is to the sane lateral 
scale as the total-head distrihutions* 

The two recorded alternative flow configurations resulting 
fron the Instahllity arc coriparcd in figure 10* It is seen that 
th^ were essentially nirror inages, one with the two- two- three 
initial conhlnation groups and the other with thrco-two-two* The 
third, synnetrical, posslljillty, two-threo-two, was encountered 
only once during the Investigation, and then only for a part of 
one traverse* 
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This pronpt Joining of adjacent Jots naturally iavolTed ttfl 
considorsiblo deviations of indivldaal Jets fron flow in. tho iv 
direction of the 'a>eucis« * Figure 11 gives tho results of thetf^: 
direction neasurenents nentioned previously* lihe spacing .and. , oil 
length of the vectors have no significance; only flov dlreetiojv ^.'to'L. 
is represented* It should be ron&Aoi that the traverse at «r>.r«^<ta^^ 
z ■ 2 inches clearly corrosponds to the reverse uztstable flow t;;^^ 
configuration fron figaro 9S« 

!rhe Jets were peurtially stabilized by the rmoval of tiio 'i/j ^ 
end plates, pemitting a net flow into the systto along the third %h4'; 
(z) axis (fig. 12), .^8^ 

Corqplote stabilization of the flov was achieved by the iiw jitl' 
tr eduction of a fino^aesh, hi^i-density screen parallel to tho- 
face of the nozzle plate and anyvhere between l/K inch and 1^ -l^'i^H'' 
inches downstrean fron it* Qxe screen characteristics are des- o:rj£^^' 
cribed in the previous section, figures I3 and ih shov a series 
of total^head distributions for screen positions in the stahilizivCjil ' 
range* All traverses are dovnstrean of the screen* Xhe narrov ixtoflt 5 
irregularities that disc^ear with increasing x are apparent ly-r? *fif - 
the fine-nesh screen Jets in the process of conbinlng with each -'}V9ti: 
other* Sbus, the screen Jot systcn itself seons to be unstable* v 




As tho daoping screen vas noved' farther than 1^ inches froo ii' 
the nozzle plate or closer than 1/k inch, the stabilizing effoo*:. 1, 
tivenesB decreased* Tigure 13 is a sot of toteJ.-head distributlOM 
behind the screen placed at x * 2^ inches* The first traverse , 
was run very close to the dasiping screen so that the individual r -d 
screen Jots are still distinct* ' 

Sotting the screen at x « 0, against the f^ce of the rods, .-' 
had no stabilizing influence on the flow* !Ehe principal effect 
of this arrangcnont was neroly to increase the turbulence level : 
of tho Jets prior to nixing* The sane effect vas achieved by 
introducing a coarse grid (l/8-in* nosh, l/l^in* wires) into the 
tunnel 2 Inches Tq>9tr.can of the loading edges of the rods* This 
arrangcnont also had no noticeable stabilizing influence* I>ie to 
the high contraction of tho flow passing between the rods, this 
1/S-inch grid only doubled the initial turbulence level in the 
Jet potential conoSf raising it fron 0*30 to 0*55 percent* 

Tho second suecessfol nethod of stabilizing tho field of 
Jets was the installation of a latere^, contraction innediatcly 
downstrean fron tho rods* The total-head distributions in figure 
16 were ncasured at the throats of three contractions, with area 
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ratios of 2«0:1, 2«7sl, and 6*7:1. It can be seen that with the 
hi^est contraction ratio tlio center nlninun has dlse^pcared, 
spperontly indicating a coqplotely stabilized flowi . 

In the sereen-stabilizod flow, the turbulone»-level distribu- 
tion becones unifom as rapidly as the velocity distrlbatlon* The 
lllustrati-TO eurvos of flgoro 17 arc aoastLrononts of the sqriare of 
the turbQlmee level, vhleh is tho quantity rcglstorod by tho thor- 
nocoT:gple and \«&11 galvanoDctor conblnation at the output of tho 
ac^lificr* Physically, this is a.ncasuro at each point of the 
ratio of fluctuating kinetic energy in the noao-flow direction, 
to noaiwflow kinetic onorgy* As wns to bo ospcctcd, at snail 
v«dues of z, vherc t!ic sqiorate jets were still distinguishable, 
the turbulence nazina coincided vith the velocity ninina, which 
wore, of course, tho olzine regions betrroon Jots* The reason for 
the decreased turbolonco lovol in the nixing regions between Jets 
1 and 2 and Jets 6 and 7 1< not evident* 

Ho turbulonefr>levcl ncasuroaonts were aade for tho froc 
(unstable) Jots, since the wildly eddying flow resulting fron 
tho instability csomot be regarded as dev^opcd randon turbulence* 

In the course of the investigation it was found that tho col~ 
looting of dust particles on the daciping screen decreased the degree 
of stability of the downstrean flow* The dust was nainly carried 
in tho wind tunnel air stream, and. thoroforc was concentrated on 
thQ*danping screen in seven narrow strips \dioro the air fron the 
seven slots inpingcd tipon it* ?igure 18 shows the effect of screen 
dust 'qpon the total-heal aod turbulence distributions* The nicro- 
photograph of the dusty screen indicates that the total blocking 
area of the dust particles was not large* Urns the instability 
was probably due to tho irregularity of the resistance rather than 
to any increase in tho nagnltudo of the resistance* 

Heating the brtiss rods gave the opportunity for a. conparison 
of tcnperaturc distributions corresponding to ur.str.ble and stabilized 
flow, as well as. famishing a conparison of total-head and tcnpcrar* 
turo distribution in each of the two cases* Figures 19 and 20 are 
traverses in the rmstablc and the scrocn-stabilizod case, respect 
tivoly* The rod tenporature was lov/or in tho latter case due to 
highor air velocity, with identical electrical heating in the rods* 
Since those were eases with cool air blowing past heated rods, tho 
tcnperature ninina coineido with the velocity naxina* In the free 
Jet tests it was possible to get sufficiently close to the nozzle 
plate to record the tenporature naxina in tho air that had been in 
tho boundary layers of the rods (fig* 19A)* It shovQ-d bo renarked 
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that the tinstablo configuration In iflsorea 19^ an4 l^'Z) la Oppotlt* 
to that roecrdod in I9B and 19C* Zho tcopcoraturo diatributiona i^- 
in the atablo and tmstaUo eaaea ahow eonaidera})l7 loaa eo&traat ^ 
than do the eorroapondlng velocity dlatributlona* 

7ar doma-troam, ffleaaoreaenta In 1)oth stable- and unatable ^3^^ 
eaaos chocked tho known result, that in a region of turbulent 
nixing, vlth tcExporaturo differences, the heat spreads nor o ^r.i 
n^idly than the nooontun (references 7 and 9)». vcaaii 

•■t' »>« - 

DISCaSSIOT 

.'■>:.■ L~f 

The physical nochanisn of this instability of taoltiple Jet -^v 
ayatGDs seocia to hinge on the entralnncnt of air by tho individualj 
J eta fron tho dead air rcgiona between them* An hypothesis is as x 
followst the entralmcnt reduces tho static pressure between jets, 
tending to force then together. As a Jet spreads out downstreaa, y 
it behavca like a dlffosor, ao that its ccnter^llnc static pro8>.7f*, 
sore Inercasea downatroan* tDio proaaure dif f oroncc between tho .di.l 
^ota and tho air between thai la balanced by divergent cttrvature 
of tho Jet stroanlinesa Thus, for given air Jcta^ wider . apaeing 
roqoLLiroa a relatively greater diffusion angle of the Individual -.^X 
Jeta before adjacent ones touch; and >dien tho spacing la saffi*-. "to 
eiontly great (i«o,, for great enough grid density), the nocossary 
<u]glo is prohibitively large, resulting in a breakdown of thcrflowi 

•■•.-,3 

Sone very rough static pressure ncasurcnonts by Solil indicator 
a distrlbatlon sinilar to that described* ' - ".q 

Tho present invostigation gives no indication of tho critical, 
value of grid density, X^,,, and of its possible variations with > 
changes in initial or boundary conditions, Bohl found bo- 

two<m 0*37 and 0,^, tho denaltios for his stable caSe and nininoo^ 
density unstable ease, respectively. His grids were nade up of 
flat, shazp»edgo wooden slats sot nornal to the nir strean, and ' '.I 
oay be a function of f od shape, and also a f\2netion of rod 

Bajmolds niuib*or« .'. 

The Halting case of X ■ 0 corresponds to a unlfom flow. .: . i 
with no obstructl))n, and is, of course, stable* Tho other Unit, 
X-^laO, can be approached either by decreasing the spacing of - 
gluion rods or by increasing the spacing between given Jots. If ' ^ 
tho Jot veloci^ is fixed \ approaches unity, prosunably well 
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Above Xgf, tho a/steo vooli probably ronaln basically xmstable 

In both caseSf although a long tine vould be required for the 
entrainnent of sufficient air to cause the necessary pressure 
reduction between the Jots. Xhe single two-dinensional jet in 
«m infinite statlonazy field la, of course, stable* 

This type of instability is also to be expected in the field 
of Jets behind a conventional square nesh grid of sufficient den- 
si ty» As pointed out previously, tho total-head distributions 
behind tho dacping screen clearly show the Joining of the small 
Jets* In the flow behind square nesh grids, then, it is to be 
anticipated that at a given oonber of nesh lengths dovoistrean tho 
turbulence level should be appreciably higher after nn unstable 
Jet systea than etftor a stable systen* 

JL series of ncasuronents of the decay of turbulence behind 
several grids in a wind tunnel was made several years ago by 
S* AtsuEil at the GALCZT, The nesh sizes varied fron l/S inch to 
1^ inches, and densities fron about 0«3 to Oa7« The following 
table givos the values of 2u at 73 aesh lengths downstreaa fron 

tho grids* Tho readings have been corrected approximately for 
the finite length of the hot wire. 



Mesh 
length, 
M 



Bod 
diancter, 
d 



Density, 



0.50 


0*081^ 


O.308 


*50 


.105 


.376 


1*00 


.25 


.^38 


1*50 


•50 


.556 


•125 




.577 


•50 


.23 


.708 



Turbulence 
level 

at 5 a 75t 

u* 

U 

(percent) 



Ik 



mok ACR No, ka^ : 



HSiis sot of values soens to confim the o^dstoneo of at laftst'-' 
a critical region of X for tho flow "behind square neah grids, . ^ 
"between perhaps 0«5 and 0»6« This is sone^at higher than tho \ .'^ 
rango found "by Bohl for his partleiilar arrasgoncnt of to± grids, ' _ 
"but there is no reason to nnticipate qoant^tatlTO agrceaent "bo- 
twocn the two eases* - ■ • . 

The hypothesis that the individual jets 'act like diffusers ^. 
is further srqiported lay tho oaporiaontally proTcd'possi"bility of . 
sta'billzatlon "by noans of a downstrean deeping screcni* However, * 
the detailed nochanisa of this stabilization is not inaodlately * ' 
evident,* - • . .V^ 

^ - • 

HacPhsll (reference 5) ^so found that it was necessary to "t 
inst^JJL the dairying screen a finite distance downstrean fron the ' 
comer vanes in order to get the most unifozn resulting flow* 
He suggested that this ga^ between vanes and screen was necessary 
to pernit lateral flow for rcRrr?»ngeaent of tho (supposedly) irreg- 
ular flow "before tho seroon, Hbwo7or, his velocity noasurcnonts 
indicate greater regularity upstroan of the screen than cxlstod 
at the saao region with no screen in tho £Low* This «as also - 
definitely found to bo the ease in the present imrostlgatlon* 

It should be ronarkod that MacPhail's set of corner vanes, 
although nado of shoot netal, acted as a high-density grid beeanse 
thoy were stalled* 

In eonncetlon with the attaionont of stable flow b7 noans 
of a centrp.ction, it is interesting to note that for the measured 
stable case (fig* l6C) the throat arcp. is very nearly equal to 
the sun of the areas of tho seven initial Jets* Possibly the 
aaount of contraction necessary to achieve stability is related 
to the net effective diffusion in going froa the sun of the initial 
Jet areas to tho throat area* 

Tho fact that an increase of frce-strean turbulence lowel in 
tho jots had no noticeable effect en the stability is not surpris- 
ing since, in general, turbulent mixing has been found to be ind^ 
pendent of the initial turbulence (reference 10, p* 20); and the 
tur"bulent nixing at the edges of the Jets controls the entralnnent 
of air* 



*It has been suggested by members of the MCA. technical staff 
that the stabilizing effect of the damping screen may perhaps be 
attrl"buted to an effective decrease in \ due to forced spreading 
of the individual Jets* ' * 
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BemoTal of the end plates did not stabilize the flow com- 
pletely hecaase of the hi^ aspect ratio of the Jets, vhieh tends 
to keep the flow two-dimensional at the center. In figure 12, 
althotigh the Jet system shows Increased ovev-all rogolarlty aa 
contrasted with the completely tmstable case* there exist smaller 
scale Irregularities that were not present in the latter flow* 
These irregularities arise with the removal of the end plates, 
and are a^arently due to the semistahle nature of the flow* 
dey are obviously not random turbulence; the traverses of figure 
17, for exaiqple, show that the total-head tube does not follow 
the rapid fluctuations of fully developed turbulent mixing* Thus, 
these irregularities are actual changes in local mean velocity, 
probably due to intermittent existence of the stahle and the un- 
stable flow configurations* W.th lower Jet aspect ratios, the 
average flow pattern would probably aqpproaeh more closely to the 
completely stable case, ubile higher Jet aspect ratios would lead 
to a flow more nearly like the completely unstable case of figure 9* 

Ihe flow behind slatted airplane dive brakes may be of the 
type of figure 12 when the slats are built parallel to the wing 
surfaoe and therefore set izp Jets of high aspect ratio* Aileron 
or horizontal tail liuf feting a^ipears to be most serious for this 
arrangement, ithlch is reasonable in view of the orientation of 
the two-dimensional eddies or vortices arising from the flow 
instability* Ihia difficulty has been at least partially solved 
in actual practice by two methods: (1) by the use of a "picket 
fence" typo of slatted dive hrake, xAth the slats perpendicular 
to the wing surface; this not only rotates the axes of the vortices 
to a leas dangerous orientation, but also permits a decrease in 
the a^ect ratio of the slots between the slats; and (2) by the 
use of a square mesh grid as a dive brake, thus eliminating the 
two-dimensional nature of the eddies* Zhe mesh size should be as 
smedl as possible in order to give rapid decay of the downstream 
turbulence developing out of these Instability eddies* 

nuctuations dovnstream of a "brake could be reduced by 
decreasing the solidity to a value "below the critical, hut high 
energy leases are desirable; so a combination of high-density 
grid and downstream dainping screen would offer possihillties* 
However, it is obvious that considerable structural difficulty 
would bo encountered in such an Installation* Of course, in 
heat exchangers and corne>-vane Installations, on the other hand, 
it is desirable to keep the losses to a minimum* 
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It la po83ll)le that atalJlll zat Ion "by' means tjf a contraction 
followed "by a woll-desigaed dlffuser^ would involve less total 
energy loss, than an adequate daopin^ screeoi* In asjr case, from r 
structtupal considerations it is evident that the former is more 
conveniently applicable to dive brakes ttad to installations where 
there is a limited available duct length* - . . > 

Since the present investigation has hoen principally qjialltap* : 
tlve, in eoanectlon with hoth the Inatability phenomenon and the 
two successfol methods of stabilization, there is> 'a great deal of : 
qjumtitatlvo work to "bo done* 

In genereil, most 'of the necessary data would consist of totals 
head measoreBents* These can be carried out vexy conveniently by 
an autamatiji traversing and recording arrangement similar to the 
one used ^n. this isrestlgation. This ws set ui^.by Mr. C. Shide 
for preliminary measurements in the*, single aziaXly synnetrlcal 
Jet (rofarenee ?)• : • 

Tor the stability problem itself, it is suggested that measure- 
ments be made with a considerably larger number of parall'el ^et8« 
and a \ddo range of grid densities* Also, the possible of foot of 
rod Reynolds number upon tho value of the critical: grid density 
should bo isvostlgated* ' ; 

■ ' ■. . ' 

In the matter of screen stabilization, it is of interest to 
find out the effect of mosh size relative to Jet dimensions, as 
well as tho range of damping screen densities vihlch give satis- 
factory stabilization, \dth a determination of the optimum den- 
sity, >«hlch, according to results of ,^acFhail, does esdst. 

7or tho method of stabilization by means of a contraction, 
investigations should bo made of tho effect of variations in the 
fundamental geometrical parameterst rate of contraction and total 
contraction ratio, relative to grid density. 

Possible qoantitative differences in behavior df throo* 
dimensional and two>dimensional Jet fields could be investigated, 
as well as possible, quantitatije differences for ifhe latter in 
the elosei^cluet and the open-sided.' ceases* ■ 

finally, the range of bvozwall effieleneios for the two 
methods of flow stabilization should be determined* 
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!• Hhe field of parallel tvro-dimensional air Jets downstream 
from a grid made up of parallel rods iis unsta'ble for a grid dciv- 
sity of 0«83* The results of previous investigators show the 
existence of a critical range of grid density- below which the 
downstream flow is stable and above ^ich it is unstable* The 
same phenomenon occurs in both two- and thre^^dimensioosJ. Jet 
fields, 

2t The flow can be completely stabilized by the introduction 
of a fino-mesh damping screen parallel to the grid plane and within 
a definite range of positions downstream from the grid* 

3« The flow can be completely stabilized by means of an 
adequate lateral contraction beginning immediately after the grid* 

The flow can bo at least partially stabilized by the 
"ventilation" of the spaces between Jets, permitting air to flow 
into the system in the third dimension, parallel to the rod axes* 

3* Doubling of the initiAl turbulence level in the Jets has 
no noticeable effect on tho stability* 
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Figs. 2,3 




Figure 2.- Hozile plate: upstream side, 




Figure 3.- Nozzle plate; upstream side. 
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Pigs. 4,5 




Figure 4.- Tunnel and traversing equipment, 




Figure 5.- Flow region; damping screen 1-1/4" downstream 
of slots-. . Total head tube in flow. 
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Vigare 8.-> Direction meter. Schematic sketch, 

not to scale. (Rotating drive not shown.) 
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(C) X-l^" . 

Tigure 9.- Tree jets. Lateral total-head 
distributions. 
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Figure 10.- Free jets. Alternative flow configurations re- 
sulting from instability. . 
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Fig. 13 
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LATERAL POCITION, ^ INCHES 

(E)X-7i 

SCREEN MESH SIZE, 65 PER INCH 

Figure IS.- stabilizing effect of damping screen placed 1/4" 
downstream from slots. Lateral total- head -distri- 
butions. 
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SCREEN MESH SIZE ; 65 PER INCH 

Figure 14.- stabilizing effect- of damping screen placed I-I/16" 
tlons downstream from slots. Lateral total-head distribu-- 
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Figure- 16. ~ Effect of different downstream contractions. 

- Total-head distribution at contraction throats. 
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